



























5HVXPHQ (VWH WUDEDMR SUHVHQWD XQ HQIRTXH EDVDGR HQ OD WHRUtD GHO iOJHEUD OLQHDO ORV PpWRGRV
QXPpULFRV\XQDPRGLILFDFLyQDOPpWRGRGHIXHU]DILFWLFLDSDUD ODQDYHJDFLyQGHURERWVPyYLOHVHQ
HQWRUQRVGLQiPLFRV3DUDHOGLVHxRGHOFRQWURODGRUVHXWLOL]DHOPRGHORGLQiPLFRGHXQ URERWPyYLO
QR KRORQyPLFR WLSR XQLFLFOR 7UDEDMRV DQWHULRUHV D PHQXGR LJQRUDQ OD GLQiPLFD GHO URERW SRU OR






(O SUREOHPD GH OD QDYHJDFLyQ GH URERWV PyYLOHV HQ HQWRUQRV
HVWDFLRQDULRVKDVLGRXQWHPDGHLQWHUpVSDUD ORV LQYHVWLJDGRUHV
GXUDQWH ORV ~OWLPRV DxRV (O GHVDItR DFWXDO HV OD QDYHJDFLyQ
DXWyQRPDHQHQWRUQRVTXHFRQWLHQHQREVWiFXORVHQPRYLPLHQWR
HVSHFLDOPHQWH FXDQGR ORVREMHWRVTXHRFXSDQHO HQWRUQR WLHQHQ
XQ PRYLPLHQWR GHVFRQRFLGR /RV PpWRGRV WUDGLFLRQDOHV GH
SODQLILFDFLyQ GH PRYLPLHQWR UHTXLHUHQ XQD H[FHVLYD FDUJD




&XDQGR HO PRYLPLHQWR GH ORV REVWiFXORV HV WRWDOPHQWH
GHVFRQRFLGRHQWRQFHVXQDVHOHFFLyQUHDFWLYDGHOPRYLPLHQWRHV
XQDPDQHUDUD]RQDEOHSDUDTXHXQURERWHYLWHODVFROLVLRQHVHQ
HVWH FDVR OR LPSRUWDQWH QR HV OD RSWLPDOLGDG VLQR OD VHJXULGDG
GHOPRYLPLHQWRGHOURERW3RURWUR ODGRFXDQGRHOPRYLPLHQWR
GH XQ REVWiFXOR HV FRPSOHWDPHQWH FRQRFLGR XQ PRYLPLHQWR
ySWLPR SXHGH VHU JHQHUDGR PHGLDQWH HO HPSOHR GH XQD





SDUHG 6LQ HPEDUJR SDUD REMHWRV HQ PRYLPLHQWR WDOHV FRPR
VHUHVKXPDQRVQRHVXQDWDUHDIiFLOTXHHOURERWGLEXMHPDSDV
GLQiPLFRV TXH JHQHUHQ FDPLQRV SDUD OD HYDVLyQ \ PDQWHQJDQ
XQD GLVWDQFLD PtQLPD GHVHDGD HQWUH HO URERW \ HO REMHWR SRU
UD]RQHV GH VHJXULGDG (O URERW UHTXLHUH XQD UHDFFLyQ GLQiPLFD
UiSLGDSDUDHYLWDUODFROLVLyQFRQREMHWRVHQPRYLPLHQWRHQOXJDU
GH GHSHQGHU GHPDSDV HVWiWLFRV R GLQiPLFRV TXH VH DFWXDOL]DQ
PX\OHQWDPHQWH

/RV PpWRGRV JOREDOHV DOJRULWPRV GH SODQLILFDFLyQ GH
WUD\HFWRULDVFDOFXODQXQFDPLQRFRPSOHWRD ODPHWDDSDUWLUGH
ODSRVLFLyQDFWXDOGHO URERW /DWRPEH(QHOFDVRGH ORV





HVWDV WpFQLFDV VRQ XVXDOPHQWH FRPELQDGDV FRQPpWRGRV ORFDOHV
SDUDHYLWDUREVWiFXORV LQHVSHUDGRV6WDFKQLVVHWDO-DQJ
HWDO-XQJHWDO6HGHUHWDO(VWRV~OWLPRV
WDPELpQ GHQRPLQDGRV PpWRGRV UHDFWLYRV JHQHUDQ VROR OD
SUy[LPDVHxDOGHFRQWUROHOORVXVDQVRORODSRUFLyQPiVFHUFDQD
GHO HQWRUQR \ DFWXDOL]DQ HOPRGHOR GHOPXQGR GH DFXHUGR D OD
REVHUYDFLyQ DFWXDO GH ORV VHQVRUHV /DPD\RUtD GH ODV WpFQLFDV
GHVDUUROODGDVFRPRHOPpWRGRGHODYHQWDQDGLQiPLFD'\QDPLF
:LQGRZ )R[ HW DO  HO PpWRGR GH OD YHORFLGDG GH
FXUYDWXUD 1DN HW DO   \ HO PpWRGR GHO FDPLQR GH
FXUYDWXUD6LPPRQVHWDOHOFRQFHSWRGHORVHVWDGRVGH
FROLVLyQ LQHYLWDEOHV )UDLFKDUGHWDO2ZHQHWDO
GHSHQGHQ GH XQ FRQRFLPLHQWR FRPSOHWR GHO HQWRUQR HVWiWLFR \
GLQiPLFR

$OJXQRV LQYHVWLJDGRUHV KDQ GHVDUUROODGR XQD YDULHGDG GH
PpWRGRV EDVDGRV HQ HO FRQFHSWR GH FDPSR GH SRWHQFLDO (Q
&RQQROO\ HW DO  VH SUHVHQWy XQ PpWRGR XVDQGR OD
HFXDFLyQGH/DSODFHSDUDHYDGLUPtQLPRV ORFDOHV(Q 0DVRXG
HW DO  VH SURSXVR XQ FDPSR UHSXOVLYR HO FXDO HVWi
ORFDOL]DGRHVWULFWDPHQWHHQODYHFLQGDGGHOURERWSDUDSURWHJHUOR
GHODVFROLVLRQHV(Q3RW\HWDOGHVDUUROODURQXQPpWRGR
SRWHQFLDO IUDFFLRQDO HO FXDO GHILQH SRWHQFLDOHV DWUDFWLYRV \
UHSXOVLYRVWRPDQGRHQFXHQWDODSRVLFLyQUHODWLYD\ODYHORFLGDG
GHO URERW FRQ UHVSHFWR D REVWiFXORV \ REMHWLYRV 3DUD VXSHUDU
DOJXQDV GHILFLHQFLDV GHO PpWRGR GH FDPSR GH SRWHQFLDO VH
GHVDUUROOy HO +LVWRJUDPD GH &DPSR 9HFWRULDO 9HFWRU )LHOG
+LVWRJUDP9)+%RUHQVWHLQHWDOXQPpWRGRTXHEXVFD
HVSDFLRV HQ KLVWRJUDPDV SRODUHV FRQVWUXLGRV ORFDOPHQWH/XHJR
VXUJLHURQ ORV PpWRGRV GHO 9)+ 8OULFK HW DO  \ GHO
9)+8OULFKHWDO








PXHVWUHR N7 HYLWDQGR FROLVLRQHV GXUDQWH VX WUD\HFWRULD 3DUD






(VWD WpFQLFD KD VLGR SUREDGD HQ YDULRV WUDEDMRV SRU HMHPSOR
5RVDOHV HW DO DEF  6FDJOLD HW DO EF
DEDE(ODOJRULWPRGHODIXHU]DILFWLFLDPRGLILFDGR












3DUD UHDOL]DU WDUHDV TXH UHTXLHUHQ DOWD YHORFLGDG \R WUDQVSRUWH
GHFDUJDVSHVDGDVHVPX\LPSRUWDQWHFRQVLGHUDUODGLQiPLFDGHO
URERW/DVFDUDFWHUtVWLFDVGLQiPLFDVGHOURERWWDOHVFRPRPDVDH








ψ HV HO iQJXOR GH RULHQWDFLyQ GHO URERW * HV HO FHQWUR GH







)UU[¶  \  )UU\¶  VRQ ODV IXHU]DV ORQJLWXGLQDO \ ODWHUDO HQ HO
QHXPiWLFR GH OD UXHGD GHUHFKD )UO[¶ \ )UO\¶ VRQ ODV IXHU]DV
ORQJLWXGLQDO\ODWHUDOHQHOQHXPiWLFRGHODUXHGDL]TXLHUGD)F[¶
\)F\¶VRQODVIXHU]DVORQJLWXGLQDO\ODWHUDOHMHUFLGDVVREUH&SRU
OD UXHGDFDVWRU)H[¶ \)H\¶ VRQ ODV IXHU]DV ORQJLWXGLQDO\ ODWHUDO
HMHUFLGDVVREUH(SRU ODKHUUDPLHQWDGH WUDEDMREFG \H VRQ
GLVWDQFLDV \ τH HV HO PRPHQWR HMHUFLGR SRU OD KHUUDPLHQWD GH
WUDEDMR








FRV VLQ  
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
GRQGH P HV OD PDVD GHO URERW U HV HO UDGLR GH ODV UXHGDV
L]TXLHUGD \ GHUHFKD NE HV LJXDO D OD FRQVWDQWH
FRQWUDHOHFWURPRWUL]PXOWLSOLFDGD SRU OD FRQVWDQWH GH UHGXFFLyQ
5D HV OD FRQVWDQWHGH UHVLVWHQFLD HOpFWULFDND HV OD FRQVWDQWHGH
WRUTXHPXOWLSOLFDGDSRU ODFRQVWDQWHGH UHGXFFLyQN35N37 DQG
N'7VRQFRQWDQWHVSRVLWLYDV,H\%HVRQHOPRPHQWRGHLQHUFLD\
HO FRHILFLHQWH GH IULFFLyQ YLVFRVD GH OD FRPELQDFLyQ URWRU GHO
PRWRU FDMD GH UHGXFFLyQ \ UXHGD \5W HV HO UDGLR QRPLQDO GHO
QHXPiWLFR'HOD&UX]	&DUHOOL

(O YHFWRU GH LQFHUWLGXPEUH UHODFLRQDGR DO URERW PyYLO HV
 7[ [ X ω= δ δ δ δª º¬ ¼į  GRQGH į[ \ į\ GHSHQGHQ GH OD
YHORFLGDG HO GHVOL]DPLHQWR GH ODV UXHGDV \ OD RULHQWDFLyQ GHO
URERWįX\įȦGHSHQGHQGHORVSDUiPHWURVPHFiQLFRVGHOURERW






































UXHGD FDVWRU WLHQHQ XQ YDORU GHVSUHFLDEOH HO YHFWRU GH
LQFHUWLGXPEUHVįQRVHUiFRQVLGHUDGRHQHOPRGHOR

(Q JHQHUDO OD PD\RU SDUWH GH URERWV FRPHUFLDOHV SRVHHQ
FRQWURODGRUHV 3,' GH YHORFLGDG GH EDMR QLYHO SDUD VHJXLU
YHORFLGDGHV GH UHIHUHQFLD SDUD GH HVWDPDQHUD QR SHUPLWLU TXH
ORVYROWDMHVGHORVPRWRUHVVHDQGLUHFWDPHQWHPDQHMDGRV3RUOR
WDQWR HV~WLO H[SUHVDU HOPRGHOR GHO URERWPyYLO HQXQD IRUPD
DGHFXDGD FRQVLGHUDQGR D ODV YHORFLGDGHV URWDFLRQDO \
WUDVODFLRQDOFRPRVHxDOHVGHFRQWURO
 ',6(f2'(/&21752/$'25
(O FRQWURODGRU SURSXHVWR HVWi EDVDGR HQ OD WHRUtD GHO iOJHEUD
OLQHDO \ ORVPpWRGRV QXPpULFRV&RQRFLHQGR HO HVWDGR GHVHDGR
HQ HO SUy[LPR SHULRGR GH PXHVWUHR HV SRVLEOH FDOFXODU ODV




3ULPHUR PHGLDQWH OD DSUR[LPDFLyQ GH (XOHU GHO PRGHOR
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 

GRQGH ORV YDORUHV GH [ DO WLHPSR GLVFUHWR W   N7 VHUiQ
GHQRWDGRVFRPR[N7HVHOSHULRGRGHPXHVWUHR\N 
« /XHJR HO YHFWRU GH HVWDGRV [N HV UHPSOD]DGR SRU HO
YHFWRUGHHVWDGRVGHVHDGRV

( ) ( ) ( ) ( ) ( ) ( )     Ȧ
7
G N G N G N G N G N G N[ \ X+ + + + + +ª º= ψ¬ ¼[ 

&RPHQWDULR  (O XVR GH PpWRGRV QXPpULFRV SDUD FDOFXODU OD
HYROXFLyQ GH VLVWHPDV VH EDVD SULQFLSDOPHQWH HQ OD SRVLELOLGDG
GHGHWHUPLQDUHOHVWDGRGHOVLVWHPDDO LQVWDQWHNVLHOHVWDGR
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ψ − ω ψª º« »
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LQFyJQLWDV \ PHGLDQWH HO XVR GH ODV HFXDFLRQHV QRUPDOHV
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ª ºθ − − θ ω − θ + θ δ« »« »ª º « »« » =




HUURU GH VHJXLPLHQWR OOHJXH D VHU PtQLPR 3DUD VDWLVIDFHU HVWD
FRQGLFLyQHOVLVWHPDGHEHWHQHUXQDVROXFLyQH[DFWD/XHJR
HOYHFWRUEGHEHSHUWHQHFHUDOHVSDFLRFROXPQDGHODPDWUL]$













­ ½ª º ª º° °« » « »° °« » « »° °« » « »° °
= =« » « »® ¾« » « »° °« » « »° °« » « »° °« » « »° °¬ ¼ ¬ ¼¯ ¿
$ Y Y  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


 /DV DSUR[LPDFLRQHV GH (XOHU VRQ XQ SURFHGLPLHQWR QXPpULFR GH SULPHU
RUGHQ SDUD UHVROYHU HFXDFLRQHV GLIHUHQFLDOHV RUGLQDULDV 2'(V GDGR XQ
YDORULQLFLDO
 7HQHU OD SURSLHGDG GH0DUNRY VLJQLILFD TXH GDGR HO HVWDGR DFWXDO ORV
HVWDGRVIXWXURVVRQLQGHSHQGLHQWHVGHORVHVWDGRVSDVDGRV(QRWUDVSDODEUDV
OD GHVFULSFLyQ GHO HVWDGR DFWXDO FDSWXUD WRGD OD LQIRUPDFLyQ TXH SRGUtD
LQIOXHQFLDUHQODIXWXUDHYROXFLyQGHOSURFHVR
 'DGD OD HFXDFLyQ PDWULFLDO$[   E OD HFXDFLyQ QRUPDO HV DTXHOOD TXH
PLQLPL]DODVXPDGHODVGLIHUHQFLDVDOFXDGUDGRHQWUHORVODGRVL]TXLHUGR\
GHUHFKRGH$7$[ $7EGRQGH$7$HVXQDPDWUL]QRUPDO$7$$$7 
 /D VROXFLyQGHPtQLPRV FXDGUDGRVSDUDXQ VLVWHPD LQFRQVLVWHQWH$[ E
VDWLVIDFH OD HFXDFLyQ$7$[ $7E6L ODV FROXPQDV GH$ VRQ OLQHDOPHQWH
LQGHSHQGLHQWHV$7$HVLQYHUWLEOH\[ $7$$7E
 (Q ÈOJHEUD /LQHDO HO HVSDFLR FROXPQD GH XQDPDWUL] HV HO FRQMXQWR GH
WRGDVODVFRPELQDFLRQHVOLQHDOHVSRVLEOHVGHVXVYHFWRUHVFROXPQD





(O VLVWHPD GHEH WHQHUXQDVROXFLyQH[DFWDGH DOOtTXHGHEH
VDWLVIDFHU    = ς + ςE Y Y  FRPELQDFLyQ OLQHDOGHY \YGRQGH
ȢȢ∈ϒ(VWRHV





= ς + ς = « »θ θ¬ ¼






FRPELQDFLyQ OLQHDO GH ODV FROXPQDV GH OD PDWUL]4 ÖS  HV OD
SUR\HFFLyQGHOYHFWRUSHQHOHVSDFLRFROXPQDGHODPDWUL]4\
HV HO SXQWR PiV FHUFDQR D S HQ HVWHV HVSDFLR Ö
−S S  HV OD
GLVWDQFLDGHSDOSXQWR4[HQHOHVSDFLRFROXPQDGH4HVGHFLU
HV HO YHFWRU GH HUURUHV (O YHFWRU GH HUURUHV Ö
−S S  GHEH VHU
SHUSHQGLFXODU DO HVSDFLR FROXPQD GH OD PDWUL]4 $GHPiV OD
QRUPDVHGHILQHSRU  7=3] ] 3] FRQ >3 

/D VROXFLyQ ySWLPD GH DFXHUGR DPtQLPRV FXDGUDGRV GH HVWH
VLVWHPDVDWLVIDFH474[ 47SHFXDFLRQHVQRUPDOHVSRUWDQWR
Ö = =S 4[ 4 [  GRQGH 4  HV OD PDWUL] SVHXGRLQYHUVD GH 4
/XHJR VL ODV FROXPQDV GH4 VRQ OLQHDOPHQWH LQGHSHQGLHQWHV
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− = ψ − ω ψ + δ°°
− = ψ + ω ψ + δ®°
ψ − ψ = ω°¯
 

$ SDUWLU  \ WRPDQGR HQ FXHQWD HO&RPHQWDULR  VH FUH HO
VLJXLHQWHVLVWHPDGHHFXDFLRQHV

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ψ − ψª º« »
= ψ ψ« »« »« »¬ ¼
%  

$SDUWLU GH  HO FXDO HVXQFRQMXQWRGH WUHV HFXDFLRQHV FRQ
GRVLQFyJQLWDV\XWLOL]DQGRQXHYDPHQWHODVHFXDFLRQHVQRUPDOHV
 7 7=% %ȣ % F  VH HQFXHQWUD OD VROXFLyQ ySWLPD GH DFXHUGR D
PtQLPRVFXDGUDGRVSDUDȣ

/D VROXFLyQ ySWLPD SDUD XN \ ȦN UHSUHVHQWD ODV YHORFLGDGHV
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ª ºΔ ψ + Δ ψ« »ª º « »« » =
− Δ ψ + Δ ψ + Δψ§ ·« »ω« » ¨ ¸¬ ¼ « »¨ ¸+© ¹¬ ¼
 
GRQGH
( ) ( )
( ) ( )













­Δ = −°°Δ = −®°Δψ = ψ − ψ°¯


GRQGH NX \ NȦ VRQ FRQVWDQWHV SRVLWLYDV TXH SHUPLWHQ DMXVWDU HO




3DUD PRVWUDU HO EXHQ UHQGLPLHQWR GHO PpWRGR SURSXHVWR VH
SUHVHQWDQGRV UHVXOWDGRVH[SHULPHQWDOHV/DSULPHUD WUD\HFWRULD
GH UHIHUHQFLD IXH XQ FtUFXOR GHILQLGR SRU ( )FRVU U[ U W= ω  \
( )VLQU U\ U W= ω  GRQGH U∈ ϒ HV HO UDGLR GHO FtUFXOR \ ȦU HV OD
YHORFLGDGURWDFLRQDOGHODWUD\HFWRULDGHUHIHUHQFLD
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(a)   Linear Velocity [mm/s]






(b)   Rotational Velocity [degrees/s]
Time [sec] 
)LJXUD  3HUILOHV GH YHORFLGDG D OLQHDO E DQJXODU 'DWRV
H[SHULPHQWDOHV
3DUD HVWD SUXHED U   >PP@ XUHI   >PPV@ \ ȦU  
>JUDGRVV@ (O SHULRGR GH PXHVWUHR IXH 7   >V@ \ ODV
FRQGLFLRQHVLQLFLDOHVXWLOL]DGDVIXHURQ[ >@7>PP@

(Q OD )LJ  VH REVHUYD TXH HO URERWPyYLO VLJXH OD WUD\HFWRULD
GHVHDGD FRQ XQ HUURUPi[LPR YDORU DEVROXWR GH OD GLIHUHQFLD
HQWUHODVWUD\HFWRULDVGHVHDGD\UHDOXQDYH]TXHHOURERWPyYLO
KD DOFDQ]DGR HO FDPLQR JHRPpWULFR SUHGHILQLGR GH >PP@
(VWH HUURU HV SHTXHxR FRPSDUDGR FRQ OD GLVWDQFLD TXH H[LVWH
HQWUH ODV UXHGDV GHO URERWPyYLO >PP@/D )LJ PXHVWUD
ORV SHUILOHV GH YHORFLGDG GHO URERW PyYLO SDUD HVWD WUD\HFWRULD
FLUFXODU

6L VH UHDOL]D XQD FRPSDUDFLyQ HQWUH HVWRV UHVXOWDGRV
H[SHULPHQWDOHV\ORVUHVXOWDGRVSXEOLFDGRVHQRWURVWUDEDMRVHJ
'R	3DQ  GRQGH VH SUHVHQWD XQ DOJRULWPREDVDGR HQHO
PRGHOR GLQiPLFR GH XQ URERWPyYLO SXHGH FRQFOXLUVH TXH HO




RFKRGHILQLGDSRU ( )VLQU U[ U W= ω \ ( )FRV U U\ U W= ω GRQGHU
∈ϒHVHOUDGLR\ȦUHV ODYHORFLGDGURWDFLRQDOGHOD WUD\HFWRULD
GHUHIHUHQFLD3DUDHVWDSUXHEDU >PP@XUHI >PPV@\
ȦU   >JUDGRVV@ (O WLHPSR GH PXHVWUR WDPELpQ IXH 7  
>V@\ ODVFRQGLFLRQHV LQLFLDOHV IXHURQ[  >   @7
>PP@






















)LJXUD  6HJXLPLHQWR GH WUD\HFWRULDV FRQ XQD UHIHUHQFLD HQ
IRUPDGHRFKR'DWRVH[SHULPHQWDOHV






(a)   Linear Velocity [mm/s]




(b)   Rotational Velocity [degrees/s]
Time [sec] 
)LJXUD  3HUILOHV GH YHORFLGDG D OLQHDO E DQJXODU 'DWRV
H[SHULPHQWDOHV
(Q OD )LJ  VH REVHUYD TXH HO URERWPyYLO VLJXH OD WUD\HFWRULD
GHVHDGD FRQ XQ HUURU Pi[LPR GH >PP@ HQ ODV SDUWHV





/RV UHVXOWDGRV REWHQLGRV FRUURERUDQ ODV ERQGDGHV GHO
FRQWURODGRU SURSXHVWR PRVWUDQGR TXH HO URERW PyYLO VLJXH OD
WUD\HFWRULD GH UHIHUHQFLD GH XQD PDQHUD SUHFLVD /D SUy[LPD
VHFFLyQ SUHVHQWDUi FyPR VH PRGLILFD HVWD WUD\HFWRULD GH
UHIHUHQFLDSDUDODHYDVLyQGHREVWiFXORV
 )8(5=$),&7,&,$02',),&$'$
(O PpWRGR GH IXHU]D ILFWLFLD EDVDGR HQ OD JHQHUDFLyQ GH XQ
FDPSR GH SRWHQFLDO YLUWXDO KD VLGR HQ ORV ~OWLPRV DxRV XQ
HQIRTXH PX\ XWLOL]DGR SDUD OD SODQLILFDFLyQ GH FDPLQRV GH
URERWVPyYLOHVDXWyQRPRVGHELGRDVXVLPSOLFLGDGPDWHPiWLFD\
HILFLHQFLD (O FRQFHSWR EiVLFR GH HVWH PpWRGR HV FXEULU XQ



























& η  

GRQGHGNHVODGLVWDQFLDHQWUHHOURERW\HOREVWiFXORGPD[GHILQH
XQD ]RQD UHSXOVLYD GHQWUR GH OD FXDO VH DFWLYD OD HVWUDWHJLD GH
HYDVLyQGPLQ UHSUHVHQWD ODPtQLPDGLVWDQFLDGHQRFRQWDFWRGHO
URERWFRQHOREVWiFXORPiVORVUDGLRVGHOURERW\GHOREVWiFXOR





  NXX= < ≤η ρ ρ 

GRQGH XN \ XPD[ VRQ ODV YHORFLGDGHV UHDO \ Pi[LPD GHO URERW
PyYLOUHVSHFWLYDPHQWH











SURSRUFLRQD WDPELpQ OD GLUHFFLyQ SDUD HO GHVYtR GH OD
WUD\HFWRULDĮHOiQJXORGHURWDFLyQGHELGRDODIXHU]DILFWLFLDG
HV OD GLVWDQFLD DO REVWiFXOR \G1 HV OD GLVWDQFLD HQ OD GLUHFFLyQ
QRUPDO D G TXH LQGLFD OD SUHVHQFLD GH REVWiFXORV HQ GLUHFFLyQ
SHUSHQGLFXODU DO REVWiFXOR D HYDGLU XG HV HO YHFWRU YHORFLGDG
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
/D IXQFLyQGHOSDUiPHWURıHV UHGXFLU ODPDJQLWXGGHO
YHFWRU YHORFLGDG GHVHDGD PRGLILFDGD HQ HO PRPHQWR GH OD
HYDVLyQ GHO REVWiFXOR  &XDQGR N) =









DOPRYLPLHQWR GHO REVWiFXORPyYLO HV GHFLU HO URERWPyYLO VH
PRYHUi SRU GHWUiV GHO REVWiFXOR GLQiPLFR YHU )LJ  GH HVWD
IRUPD HO REVWiFXOR PyYLO HV HOXGLGR SRU GHWUiV OR FXDO
SURSRUFLRQDVHJXULGDGDOURERW

3DUD VDEHU VL XQ REVWiFXOR HV HVWiWLFR R GLQiPLFR VH KDFH XQD
HVWLPDGHODYHORFLGDGGHGLFKRREMHWRPHGLDQWHODFRPSDUDFLyQ
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3DUD HYLWDU SUREOHPDV GH WLSR KHUUDGXUD 0\HUV HW DO 
VLPSOHPHQWHVHXVDXQDGLVWDQFLDG1QRUPDODGGHIRUPDTXH





HV GHFLU SDUD TXH HO URERWPyYLO ³VHSD´ TXH \D KD HYDGLGR HO
REVWiFXOR VH XWLOL]y HO WHRUHPD GHO FRVHQR VHD HO WULiQJXOR
3U3G3RGH OD)LJHQGRQGH3UHV ODSRVLFLyQ LQLFLDOGHO URERW
PyYLO3GHVODSRVLFLyQGHVHDGDGHOURERWPyYLOHQN\3RHV
SRVLFLyQGHOREVWiFXORĳHVHOiQJXORRSXHVWRDOVHJPHQWRTXH












































































 FI ȡ GLVWUHFRUULGD>P@ FROLVLyQ
    1R
    1R
    1R
    1R
    6L





















TXH HQ HVWH WUDEDMR KD VLGR PRGLILFDGR SDUD PHMRUDU VX
IXQFLRQDPLHQWR FRUUHVSRQGH DO GLVHxR GH XQ FRQWURODGRU TXH
OXHJR GH GHWHFWDU ORV REVWiFXORV HQ HO HQWRUQR GHO URERWPyYLO
PRGLILFD PRPHQWiQHDPHQWH OD YHORFLGDG GH pVWH DVt FRPR




'; FRQ XQ UDGLR DSUR[LPDGR GH >PP@ XQR GH HOORV
HTXLSDGRFRQXQVHQVRU6,&./06GHEDUULGROiVHUYHU)LJ
 (O HQWRUQR UHDO GH SUXHEDV SDUD ORV URERWV 3,211(5
LQFOX\H SXHUWDV FRUUHGRUHV \ REVWiFXORV GHVFRQRFLGRV (Q HVWH
HQWRUQR YHU )LJ  HO URERW VLJXH XQD WUD\HFWRULD GDGD GH
PDQHUD DXWyQRPD /D DGTXLVLFLyQ GH GDWRV \ WRGRV ORV
DOJRULWPRV UHTXHULGRV VRQ FDOFXODGRV HQ WLHPSR UHDO HQ HO
FRPSXWDGRUTXHSRVHHHOURERW

(Q ODV )LJV  \  VH SUHVHQWDQ ORVSHUILOHV GH YHORFLGDG GHO
SULPHUH[SHULPHQWRUHDOL]DGR)LJ/DYHORFLGDGOLQHDOHVWi
OLPLWDGD DXPD[ >PPV@ \ OD YHORFLGDG DQJXODU DȦPD[ 
>JUDGRVV@(QHVWDVJUiILFDVVHSXHGHREVHUYDUTXHFXDQGRHO
URERWWHUPLQDGHHYDGLUXQREVWiFXORDXPHQWDVXYHORFLGDGSDUD























































XQD YHORFLGDG FRQVWDQWH GH >PPV@ 3DUD OD HYDVLyQ GH
REVWiFXORVVHKDWRPDGRGPLQ >PP@\GPD[ >PP@

8QD FRPSDUDFLyQ HQWUH OD WUD\HFWRULD GHVHDGD \ OD WUD\HFWRULD
VHJXLGDSRUHOURERWPyYLOHQHOHQWRUQRGHSUXHEDVVHSUHVHQWD
HQOD)LJHQODJUiILFDWDPELpQVHSXHGHREVHUYDUODPDQHUD
HQ TXH HO URERW PyYLO HYDGLy ORV REVWiFXORV GHO HQWRUQR SDUD
OXHJRUHJUHVDUD OD WUD\HFWRULDGHVHDGD6HGHEHUHFDOFDUTXHHQ
HO DFWXDO H[SHULPHQWR OD WUD\HFWRULD GHVHDGD QR HVSHUD DO URERW
PyYLOPLHQWUDV pVWH HYDGH ORV REVWiFXORV SRU OD YHORFLGDGGHO
URERWPyYLOGHEH LQFUHPHQWDUVH OXHJRGH OD HYDVLyQSDUDSRGHU
DOFDQ]DUDODUHIHUHQFLDQXHYDPHQWH






























































Mobile Robot Obstacle1 (box)
Obstacle2 (box)



















   
   
   

/D 7DEOD ,, SUHVHQWD XQ UHVXPHQ GH ORV H[SHULPHQWRV OOHYDGRV D
FDER SDUD GLIHUHQWHV YHORFLGDGHV GH UHIHUHQFLD /RV UHVXOWDGRV
PiVUHSUHVHQWDWLYRVGHHVWDVSUXHEDVVHPXHVWUDQHQHVWHWUDEDMR
(V LPSRUWDQWH GHVWDFDU TXH HO YDORU DEVROXWR GH OD GLIHUHQFLD
HQWUHODVWUD\HFWRULDVUHDO\GHVHDGDXQDYH]TXHHOURERWPyYLO
KD DOFDQ]DGR HO FDPLQR JHRPpWULFR SUHGHILQLGR VHUi
GHQRPLQDGRHUURU

3XHGH REVHUYDUVH TXH HO VLVWHPD GH FRQWURO SURSXHVWR GHSHQGH
GH OD SUHFLVLyQ \ OD H[DFWLWXG GH ORV VHQVRUHV VLQ HPEDUJR HV
LQGHSHQGLHQWHGHOPpWRGRGHVHQVDGR(VWRGHELGRDTXHQRVROR
VHQVRUHV LQWHUQRV RGRPHWUtD VLQR WDPELpQ VHQVRUHV H[WHUQRV
OiVHU SXHGHQ VHU XVDGRV GHSHQGLHQGR GH OD DSOLFDFLyQ
FRPSOHMLGDGRGHOSUREOHPDDUHVROYHU

(Q OD )LJ  ODV OtQHDV JUXHVDV FRUUHVSRQGHQ D ORVREVWiFXORV
GHWHFWDGRV HQ OtQHD ORV FXDOHV VRQ LQFRUSRUDGRV GH IRUPD
LQFUHPHQWDO GHQWURGHOPDSD DPHGLGDTXH HO URERW DYDQ]D(O
URERW IXH FDSD] GH DOFDQ]DU WUD\HFWRULD GHVHDGD GH IRUPD
FRUUHFWDPLQLPL]DQGRHOHUURUGHVHJXLPLHQWR

&RPHQWDULR(O YDORUPi[LPRGHO HUURU HQ HO VHJXLPLHQWR GH
WUD\HFWRULDVVHFDOFXODFXDQGRHOPpWRGRGHOODIXHU]DILFWLFLDQR
DFW~D HV GHFLU FXDQGR HO URERW PyYLO VLJXH OD WUD\HFWRULD
GHVHDGDVLQ ODSUHVHQFLDGHREVWiFXORV&XDQGRXQREVWiFXORHV












3XHGH REVHUYDUVH TXH HO VLVWHPD GH FRQWURO SURSXHVWR HV
GHSHQGLHQWHGHODSUHFLVLyQGHOVLVWHPDVHQVRULDOVLQHPEDUJRHV
LQGHSHQGLHQWHGHOVHQVRUXWLOL]DGR(VWRVHGHEHDOKHFKRGHTXH
QR VROR ORV VHQVRUHV LQWHUQRV RGRPHWUtD VLQR WDPELpQ ORV
VHQVRUHV H[WHUQRV OiVHU SXHGHQ VHUXWLOL]DGRV GHSHQGLHQGRGH
ODDSOLFDFLyQFRPSOHMLGDGRGHOSUREOHPDDVHUUHVXHOWR

&XDQGRHO URERWPyYLO HQFXHQWUDXQREVWiFXOR VXYHORFLGDG VH

























































































/RV SHUILOHV GH YHORFLGDG OLQHDO \ DQJXODU VH SUHVHQWDQ HQ ODV
ILJXUDV  \  UHVSHFWLYDPHQWH /D YHORFLGDG OLQHDO HVWi
OLPLWDGD D  _XPD[_   >PPV@\ OD YHORFLGDG DQJXODU D _ȦPD[_  
>JUDGRVV@ OD WUD\HFWRULD GH UHIHUHQFLD IXH JHQHUDGD FRQ XQD
YHORFLGDGFRQVWDQWHXUHI >PPV@

&RPHQWDULR  8Q DVSHFWR LPSRUWDQWH SDUD DFODUDU HO
FRPSRUWDPLHQWRGHOURERWPyYLOGXUDQWHORVH[SHULPHQWRVHVTXH
HQ HO VHJXLPLHQWR GH WUD\HFWRULD D GLIHUHQFLD GH HQ HO
VHJXLPLHQWRGHFDPLQRVHOSXQWRGHVHDGRQRHVSHUDSRUHOURERW
PyYLOGHELGRTXH OD WUD\HFWRULDHVXQFDPLQRSDUDPHWUL]DGRHQ
HO WLHPSR (O URERW PyYLO WUDWD GH DOFDQ]DU OD WUD\HFWRULD SUH
HVWDEOHFLGDPLHQWUDVHOSXQWRGHVHDGRVHPXHYH/DVYHORFLGDGHV
GHO URERW PyYLO \ GH OD WUD\HFWRULD VH LJXDODQ FXDQGR OD
WUD\HFWRULD GHVHDGD HV DOFDQ]DGD SRU HO URERW 6L XQ REVWiFXOR
FDXVD OD DFWLYDFLyQ GHO PpWRGR GH OD IXHU]D ILFWLFLD HO URERW
PyYLO UHGXFHVXYHORFLGDGSRU ORTXH OD WUD\HFWRULDVHDGHODQWD
DO URERWGHDOOtTXHFXDQGRHOREVWiFXORKDVLGR\DHYDGLGRHO
URERW PyYLO GHEH DFHOHUDU KDVWD VX YHORFLGDG Pi[LPD SDUD
DOFDQ]DUQXHYDPHQWH D OD WUD\HFWRULDGHVHDGD YHU )LJV 
 DQG  $ SHVDU GH HVWD GHPDQGDQWH DVLJQDFLyQ HO
IXQFLRQDPLHQWR GHO URERW PyYLO GXUDQWH HO H[SHULPHQWR HV
VDWLVIDFWRULR

&RPHQWDULR  1RWH TXH HQ HO SUREOHPD GH VHJXLPLHQWR GH
WUD\HFWRULD HQIRFDGR HQ HVWH GRFXPHQWR OD UHIHUHQFLD QXQFD
HVSHUDSRU HO URERWPyYLO SRUHO FRQWUDULR OD UHIHUHQFLD DYDQ]D
VHJ~Q OR KDFH HO WLHPSR ([LVWHQ RWURV PpWRGRV SDUD SDUDU OD







PyYLOHV HQ HQWRUQRV GLQiPLFRV XWLOL]DQGR OD WHRUtD GHO iOJHEUD
OLQHDO \ XQD PRGLILFDFLyQ GHO PpWRGR GH IXHU]D ILFWLFLD (VWH
FRQWURODGRU SHUPLWH XQD QDYHJDFLyQ OLEUH GH FROLVLRQHV SDUD HO
VHJXLPLHQWR GH WUD\HFWRULDV (VWH HQIRTXH FRPELQD XQ
FRQWURODGRU EDVDGR HQ HO PRGHOR GLQiPLFR GH XQ URERW PyYLO
WLSR XQLFLFOR OD WHRUtD GHO iOJHEUD OLQHDO \ ORV PpWRGRV
QXPpULFRVFRQXQDHVWUDWHJLDUHDFWLYDGHHYDVLyQGHREVWiFXORV
/RV UHVXOWDGRV H[SHULPHQWDOHVPXHVWUDQTXH OD FRPELQDFLyQGH
HVWDV WpFQLFDV SURGXFH XQ FRQWURODGRU HILFLHQWH SDUD OD
QDYHJDFLyQ GH URERWV HQ DPELHQWHV GRQGH H[LVWHQ WDQWR
REVWiFXORVHVWiWLFRVFRPRREVWiFXORVGLQiPLFRV

8QD FDUDFWHUtVWLFD DWUDFWLYD GH HVWH FRQWURODGRU EDVDGR HQ OD
WHRUtD GHO iOJHEUD OLQHDO HV TXH VX LPSOHPHQWDFLyQ HV VLPSOH \






(VWH WUDEDMR IXH SDUFLDOPHQWH ILQDQFLDGR SRU HO 6HUYLFLR
$OHPiQ GH ,QWHUFDPELR $FDGpPLFR '$$'  'HXWVFKHU
$NDGHPLVFKHU$XVWDXVFK'LHQWVOD8QLYHUVLGDG1DFLRQDOGH
6DQ -XDQ 816- \ SRU HO &RQVHMR 1DFLRQDO GH
,QYHVWLJDFLRQHV&LHQWtILFDV\7pFQLFDV&21,&(71DWLRQDO
&RXQFLO IRU 6FLHQWLILF 5HVHDUFK $UJHQWLQD $GHPiV
DJUDGHFHPRV OD FRRSHUDFLyQ GHO ,QVWLWXWR GH 6LVWHPDV HQ





REVWDFOH DYRLGDQFH IRU PRELOH URERWV ,((( 7UDQVDFW RQ
5RERWLFVDQG$XWRPSS
&RQQROO\ & %XUQV - :HLVV 5  3DWK SODQQLQJ XVLQJ
/DSODFH




)R[ ' %XUJDUG : 7KUXQ 6  ³7KH G\QDPLF ZLQGRZ
DSSURDFK WR FROOLVLRQ DYRLGDQFH´ ,(((5RERWLFV	$XWRPDWLRQ
0DJD]LQHYRO
)UDLFKDUG 7 DQG $VDPD+  ³,QHYLWDEOH FROOLVLRQ VWDWHV D
VWHSWRZDUGVVDIHUURERWV"´,(((,QW&RQIRQ,QWHOOLJHQW5RERWV
DQG6\VWHPV,526
)UDLFKDUG7 DQG6FKHXHU$  ³&DUOLNH URERWV DQGPRYLQJ
REVWDFOHV´,(((,QW&RQIRQ5RERWLFVDQG$XWRPDWLRQ,&5$
-DQJ(-XQJ6+VLD7³&ROOLVLRQ$YRLGDQFHDQG&RQWURO











/DWRPEH - &  ³5RERW 0RWLRQ 3ODQQLQJ´ YRO 
'RUGUHFKW7KH1HWKHUODQGV.OXZHU
0DVRXG$ 8VLQJK\EULGYHFWRUKDUPRQLFSRWHQWLDO ILHOGV
IRU PXOWLURERW PXOWLWDUJHW QDYLJDWLRQ LQ D VWDWLRQDU\
HQYLURQPHQW3URF  ,((( ,QW&RQI5RERWLFV DQG$XWRPDWLRQ
SS±
0\HUV7 DQG9ODFLF/  ³$XWRQRPRXV'ULYLQJ LQ D7LPH
9DU\LQJ(QYLURQPHQW´,((($GYDQFHG5RERWLFVDQGLWV6RFLDO
,PSDFWVSS
1DN<. DQG  6LPPRQV5  ³7KH ODQHFXUYDWXUHPHWKRG





3RW\ $ 0HOFKLRU 3 2XVWDORXS $  '\QDPLF SDWK






'HVLJQHG E\ PHDQV RI 1XPHULF 0HWKRGV IRU D %HQFKPDUN





1R /LQHDO &OiVLFR 57$& 5RWDWLRQDO 7UDQVODWLRQDO $FWXDWRU
;,,&RQJ/DWLQRDPGH&RQWURO$XWRPiWLFR&/&$
6FDJOLD*4XLQWHUR20XW9GL6FLDVFLR)³'LVHxRGH
XQ &RQWURODGRU EDVDGR HQ 0pWRGRV $OJHEUDLFRV $SOLFDFLyQ D
5RERWLFD0RYLO´;,,&RQJ/DWLQRDPGH&RQWURO$XWRPiWLFR 
&/&$
6FDJOLD * 0XW 9 5RVDOHV $ 4XLQWHUR 2  7UDFNLQJ
&RQWURO RI D 0RELOH 5RERW XVLQJ /LQHDU ,QWHUSRODWLRQ
,0$$&$
6FDJOLD*4XLQWHUR20XW9GL6FLDVFLR)1XPHULFDO
0HWKRGV EDVHG &RQWUROOHU GHVLJQ IRU0RELOH 5RERWV 5RERWLFD
&DPEULGJH8QLYHUVLW\3UHVV
6FDJOLD*5RVDOHV$4XLQWHUR2$JDUZDO5$/LQHDU
,QWHUSRODWLRQ EDVHG &RQWUROOHU 'HVLJQ IRU 3DWK 7UDFNLQJ RI
0RELOH5RERWV&RQWURO(QJLQHHULQJDQG3UDFWLFH
6HGHU00DFHN.3HWURYLF,³$QLQWHJUDWHGDSSURDFKWR
UHDOWLPH PRELOH URERW FRQWURO LQ SDUWLDOO\ NQRZQ LQGRRU
HQYLURQPHQWV´3URF&RQI,(((,QGXVWULDO(OHFWURQLFV6RFLHW\
6LPPRQV 5  ³7KH FXUYDWXUHYHORFLW\ PHWKRG IRU ORFDO
REVWDFOH DYRLGDQFH´ ,((( ,QW &RQI RQ 5RERWLFV DQG
$XWRPDWLRQ,&5$
6WDFKQLVV & DQG %XUJDUG:  ³$Q LQWHJUDWHG DSSURDFK WR
JRDO GLUHFWHG REVWDFOH DYRLGDQFH XQGHU G\QDPLF FRQVWUDLQWV IRU
G\QDPLF HQYLURQPHQWV´ ,((( ,QW &RQI ,QWHOOLJHQW 5RERWV DQG
6\VWHPV,526




6XSSRUW 9HFWRU 0DFKLQH´ ,QW &RQI RQ 0HFKDWURQLFV DQG
$XWRPDWLRQ,&0$SS
8OULFK,DQG%RUHQVWHLQ-9)+ORFDOREVWDFOHDYRLGDQFH
ZLWK ORRN DKHDG YHULILFDWLRQ 3URF RI WKH ,((( ,QW &RQI RQ
5RERWLFVDQG$XWRPDWLRQYROSS
8OULFK , DQG %RUHQVWHLQ -  9)+ UHOLDEOH REVWDFOH
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